Jasmonates (JAs) are important plant hormones that regulate a variety of plant development and defense processes, including biosynthesis of secondary metabolites. The JASMONATE ZIM DOMAIN (JAZ) proteins act as negative regulators in the JA signaling pathways of plants. We first verified that methyl jasmonate (MeJA) enhanced the accumulation of both salvianolic acids and tanshinones in Salvia miltiorrhiza (Danshen) hairy roots by inducing the expression of their biosynthetic pathway genes. Nine JAZ genes were cloned from Danshen and their expression levels in hairy roots were all increased by treatment with MeJA. When analyzed in detail, however, SmJAZ8 showed the strongest expression in the induced hairy roots. Overexpression or RNAi of SmJAZ8 deregulated or up-regulated the yields of salvianolic acids and tanshinones in the MeJA-induced transgenic hairy roots, respectively, and transcription factors and biosynthetic pathway genes showed an expression pattern that mirrored the production of the compounds. Genetic transformation of SmJAZ8 altered the expression of other SmJAZ genes, suggesting evidence of crosstalk occurring in JAZ-regulated secondary metabolism. Furthermore, the transcriptome analysis revealed a primary-secondary metabolism balance regulated by SmJAZ8. Altogether, we propose a novel role for SmJAZ8 as a negative feedback loop controller in the JA-induced biosynthesis of salvianolic acids and tanshinones.
Introduction
Danshen (Salvia miltiorrhiza Bunge) is considered a model plant in traditional Chinese medicine research due to its great medicinal value, relatively small genome (~538 Mb), short life cycle, efficient transgenic system, and easy tissue culturing (Ma et al., 2012; Xu et al., 2016) . The plant's dry roots or rhizome are mainly used to treat cardiovascularand cerebrovascular-related diseases (Dong et al., 2011) . The active compounds of Danshen fall into two main groups: (i) hydrophilic salvianolic acids, such as salvianolic acid A (Sal A), salvianolic acid B (Sal B), and rosmarinic acid (RA) (Ma et al., 2013) ; and (ii) lipophilic tanshinones, a group of abietane diterpenoids, such as dihydrotanshinone I (DT-I), cryptotanshinone (CT), tanshinone I (TA-I), and tanshinone IIA (TA-IIA) (Ma et al., 2015) . The biosynthetic pathway of salvianolic acids is thought to include both phenylpropanoid and tyrosine-derived pathways (Di et al., 2013; Petersen, 2013; S. Zhang et al., 2014; , while the tanshinones are synthesized from the cytoplasmic mevalonic acid (MVA) pathway or the plastidial 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway (Rohmer et al., 1993; Lange et al., 2000; Gao et al., 2009; Guo et al., 2013 Guo et al., , 2016 .
Because the yield of Danshen cannot meet the evergrowing demands for it, methods to augment the production of salvianolic acids and tanshinones have been tried, namely via inducing elicitors, engineering biosynthetic pathway genes, and ectopic expression of transcription factors (TFs) from Arabidopsis thaliana and Zea mays Kai et al., 2012; Zhao et al., 2015; Shi et al., 2016a) . A range of biotic or abiotic elicitors reportedly can affect the accumulation of salvianolic acids and tanshinones in Danshen hairy roots or plants, namely methyljasmonate (MeJA), abscisic acid (ABA), gibberellic acid (GA), salicylic acid (SA), indol-yl-3-acetic acid (IAA), 1-naphthaleneacetic acid (NAA), Ag + , and yeast extract (YE) (Ma et al., 2013 (Ma et al., , 2015 . In particular, MeJA, ABA, YE, and Ag + can simultaneously enhance the accumulation of both salvianolic acids and tanshinones in Danshen hairy roots (Chen and Chen, 2000; Chen et al., 2001; Ge and Wu, 2005; Yan et al., 2006; Wang et al., 2007; Wu and Shi, 2008; Xiao et al., 2009; Dong et al., 2010; Gupta et al., 2011; Zhang et al., 2011; Cui et al., 2012; Hao et al., 2012; Liang et al., 2012; Yang et al., 2012a, b; Xing et al., 2015) . MeJA may also induce the accumulation of baicalin and baicalein, the medicinal flavones of Scutellaria baicalensis, another Labiatae plant (Zhao et al., 2016) . Ectopic expression of C1 from Z. mays, or overexpression of MYB36 from Danshen-both belong to the R2R3-MYB type TFs-was able to improve the accumulation of tanshinones while decreasing that of salvianolic acids by modulating the pathway genes involved, which revealed possible co-regulation between phenylpropanoid and terpenoid metabolism in Danshen (Zhao et al., 2015; Ding et al., 2017) .
Jasmonates (JAs) are important plant hormones regulating many plant development and defense processes, as well as mediating the biosynthesis of many secondary metabolites (Liechti and Farmer, 2002; Farmer et al., 2003; Pauwels et al., 2009; Wasternack and Hause, 2013; Zhou and Memelink, 2016) . The JASMONATE ZIM DOMAIN (JAZ) proteins are considered transcriptional repressors in the JA signaling pathway (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) , with the mechanism of JAZ-regulated repression occurring in five steps, according to Farmer (2007) : (i) JAZ proteins bind TFs and inhibit their activity at low JA levels; (ii) in response to stress, jasmonoyl-isoleucine (JA-Ile) mediates the interaction between the CORONATINE INSENSITIVE1 (COI1) receptor and JAZ proteins; (iii) the JAZ protein is probably then modified by ubiquitin and removed by the SKP1-CUL1-F-box (SCF COI1 )-type E3 ubiquitin ligase; (iv) JAZ is degraded by a 26S proteasome, releasing TFs; and (v) this allows transcription of genes that produce proteins involved in plant defense and development, including JAZ genes, to restrain the JA response.
JAZ proteins belong to the plant-specific TIFY family and possess two highly conserved domains, ZIM and Jas. The former is located in the middle region of JAZ proteins containing the TIF[F/Y]XG motif, which mediates the homomeric or heteromeric interactions between JAZ proteins Chung and Howe, 2009; Bai et al., 2011) and the binding of the Novel Interactor of JAZ (NINJA) protein, a strong interactor of the TOPLESS (TPL) transcriptional co-repressor (Pauwels et al., 2010) . The Jas domain is required for the JAZ and COI1 interaction and the binding of TFs (Yan et al., 2007; Zhang et al., 2015) , which is characterized by an S-L-X(2)-F-X(2)-K-R-X(2)-R core, and delimited by a conserved N-terminal proline and C-terminal PY motif .
We know that JAZ proteins repress JA-dependent responses. However, no strong phenotypic changes were observed in transgenic lines of Arabidopsis with several single AtJAZ knockouts or ectopically overexpressed AtJAZ genes, thus revealing a functional redundancy of JAZ proteins in plants (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Chung and Howe, 2009) . Since AtJAZ8 lacks a conserved motif in the Jas domain and cannot associate strongly with COI1-it is stable against JA-mediated degradation-a JA-insensitive phenotype ensues when overexpressing AtJAZ8 (Shyu et al., 2012) . Alternative splicing of AtJAZ10 generates the splice variant JAZ10.4, which has its entire Jas motif truncated and is resistant to COI1-dependent degradation, though it still can bind to the MYC TF via an N-terminal cryptic MYC interaction domain, thus acting as an important feedback regulator to mediate JA signal desensitization (Chung and Howe, 2009; Chung et al., 2010; Zhang et al., 2017) . Specific JAZ proteins may thus exist to regulate the biosynthesis of salvianolic acids and tanshinones by repressing the JA responses in Danshen hairy roots.
Overexpressing SmJAZ8 can partially reduce the MeJAinduced Sal B increments in Danshen transgenic plants (Ge et al., 2015) , and, for Danshen transgenic hairy roots, Shi et al. (2016b) demonstrated the role of SmJAZ3 and SmJAZ9 in regulating the biosynthesis of tanshinones by acting as repressive transcriptional regulators in a JA-independent pathway. However, how JAZ proteins simultaneously regulate the biosynthesis of both salvianolic acids and tanshinones in a JA-dependent manner remains unreported.
In this present study, transgenic hairy roots that overexpressed SmJAZ8 showed reduced contents of salvianolic acids and tanshinones, whereas silencing of SmJAZ8 led to the accumulation of these compounds under MeJA treatment. These results suggest that SmJAZ8 functions as a 'switch' that controls the JA-dependent biosynthesis of salvianolic acids and tanshinones, thus providing evidence for possible crosstalk between phenylpropanoid and terpenoid metabolism in Danshen.
Materials and methods

Culture and treatment of hairy roots
Danshen hairy roots were derived from the infection of sterile plantlets with Agrobacterium rhizogenes (ATCC15834), as described previously (Hu and Alfermann, 1993; Ru et al., 2016) . The hairy roots (0.3 g FW) were cultured in a 100 ml shake flask containing 50 ml of liquid 6, 7-V medium (Veliky and Martin, 1970) on an orbital shaker.
MeJA (Yuanye, Shanghai, China) dissolved in 100% ethanol was applied to the hairy roots culture at a 100 μM final concentration on day 21 post-inoculation. An equal volume of ethanol was added to the hairy root culture to serve as the control. Hairy roots were harvested from the culture medium on day 6 after the treatments were applied, then oven-dried at 45 °C to a constant weight for the HPLC analysis. All treatments were performed in triplicate.
Quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was isolated from the hairy roots by using the RNAprep Pure Plant Kit (TIANGEN, Beijing, China) according to the manufacturer's instructions. A total of 2 μg of total RNA were reverse transcribed to generate cDNA by using the PrimeScript RT reagent kit (TaKaRa, Dalian, Chain). The ensuing reverse-transcribed products were diluted 10-fold and homogenized with RNase-free water.
For every sample, qRT-PCR was performed on a real-time PCR system (Bio-RAD CFX96, CA, USA) with the SYBR Premix Ex Taq II Kit (TaKaRa, China). Gene-specific primers were designed with Primer Premier v5.0 software (see Supplementary Table S1 at JXB online) to detect the expression of relevant genes. The Actin gene of Danshen served as an internal reference and was normalized to the control samples (Yang et al., 2010) . To calculate the relative expression levels of the genes, the 2 -ΔΔt method was applied to the data (Livak and Schmittgen, 2001) . Each sample of hairy roots was assayed with three independent biological replicates and three technical replicates.
Extraction and determination of salvianolic acids and tanshinones
The contents of 0.02 g of dried hairy roots were extracted with 4 ml of 70% methanol for 40 min in an ultrasonic bath. The mixture was centrifuged at 13 000 g for 10 min and the supernatant was filtered through a 0.2 μm Millipore filter and analyzed by HPLC. Conditions for HPLC and the reference standards of RA, Sal B, DT, CT, TA-I, and TA-IIA (National Institutes for Food and Drug Control, Beijing, China) used to determine the concentration are described in the literature (see Peng et al., 2014) . The sum of the RA and Sal B contents was taken as total salvianolic acids (TSAs), while the summed content of DT, CT, TA-I, and TA-IIA was considered as the total tanshinones (TTAs) in the sample.
Determination of total phenolics (TPS)
The extraction of TPS followed the description above, and the analysis was carried out according to Yan et al. (2006) , with some modifications. TPS content was determined with the Folin-Ciocalteu reagent (Solarbio, Beijing, China) and gallic acid (Sigma, MA, USA) as the standard. The extract solution (40 μl) was mixed in a test tube with 2 ml of the Folin-Ciocalteu reagent (1:1 with distilled water), then incubated with an 800 μl sodium carbonate solution at 30 °C for 1.5 h in darkness. Absorbance was measured at 765 nm against a reagent blank without the extract. Concentration per sample was obtained from the calibration standard curve of gallic acid (y=1.77x-0.0168, R 2 =0.9966, 0.1-0.6 mg ml −1
) and expressed as mg gallic acid equivalents g −1 .
Genome-wide identification of JAZ genes in Danshen
Hidden Markov model (HMM) profiles of the TIFY domain and Jas motifs were found under the Pfam accession numbers PF06200 and PF09425 (http://pfam.sanger.ac.uk), respectively. To search for each domain in the Danshen genome database (Xu et al., 2016) , the HMM algorithm (HMMER) (Eddy, 1998) was used (http://www. hmmer.org/), with an E-value <1e -6 . To confirm the results obtained via the HMMER, protein motifs were also queried against the Pfam database.
Sequence alignments and phylogenetic analyses
Multiple alignments of JAZ protein sequences from S. miltiorrhiza and A. thaliana (http://www.arabidopsis.org) were performed in the Clustal X program (Chenna et al., 2003) . Phylogenetic trees were constructed with MEGA v6.0 software that used the maximum-likelihood method and a bootstrap test (n=500 replications) (Tamura et al., 2013) .
Yeast two-hybrid (Y2H) assays
The full-length coding sequence of the SmJAZ8 gene was cloned into the pGBKT7 vector, and those of SmMYC2a, SmMYC2b, and SmPAP1 were cloned into pGADT7. To perform the Y2H assays, the Matchmaker GAL4 Two-Hybrid System (Clontech, CA, USA) was used, with interactions tested by constructs co-transformed into the yeast (Saccharomyces cerevisiae) strain AH109. The empty pGBKT7 and pGADT7 vectors were co-transformed in parallel to serve as a negative control. After selection on a synthetic SD-dropout medium lacking leucine and tryptophan (SD-LW), single transformant colonies were screened for growth on an SD-selection medium lacking adenine, histidine, leucine, and tryptophan (SD-LWHA) with α-galactosidase (α-gal). Interactions were observed after a 3 d incubation at 30 °C.
Subcellular protein localization
The ORF sequence of SmJAZ8 was amplified and XhoI-SpeI restriction enzymes sites introduced by using two gene-specific primers, SmJAZ8-GFP-F and SmJAZ8-GFP-R (Supplementary Table  S2 ). The amplified fragment was cloned into the pMD19T vector (TaKaRa, China) and then into the XhoI-SpeI restriction sites of pA7-GFP (green fluorescent protein), driven by a 35S promoter , to construct the pA7-SmJAZ8-GFP fusion expression vector. The plasmids were transiently transformed into onion epidermis with a particle gun (Bio-Rad, CA, USA). After a 24 h incubation, the onion epidermis was stained with DAPI (Vector Labs, CA, USA) for 20 min and observed under a confocal laser scanning microscope (Nikon A1R, Tokyo, Japan).
Plant expression vector construction
To construct the plant-overexpressing vector, the complete ORF of SmJAZ8 was amplified by PCR with gene-specific primers SmJAZ8-OE-F and SmJAZ8-OE-R (Supplementary Table S2 ). Via Gateway technology, the amplified fragment was cloned into a pDONR207 entry vector and then cloned into the pK7WG2R destination vector (Ding et al., 2008) , by using the BP Clonase Enzyme Kit and LR Clonase Enzyme Kit (Invitrogen, MA, USA), respectively ( Supplementary Fig. S1A ).
To construct the plant RNAi vector, a 292 bp sequence in the 3'-untranslated region of SmJAZ8 was amplified by PCR with gene-specific primers SmJAZ8-RNAi-F and SmJAZ8-RNAi-R (Supplementary Table S2 ). The amplified fragment was cloned into the pDONR207 entry vector, and then cloned into the pK7G-WIWG2R binary vector, as described above for the plant-overexpressing vector ( Supplementary Fig. S1B ).
Generation of Danshen transgenic hairy roots
Transformation of leaf explants from sterile Danshen plants followed previously described methods (Cui et al., 2015; Li et al., 2016; Ru et al., 2016) , but with some modifications. Single colonies of the A. rhizogenes cells harboring the overexpressing or RNAi vectors were inoculated into 50 ml of liquid YEB medium with 50 mg l -1 of spectinomycin, and then grown on a shaker at 28 °C for 16-18 h. Cells were collected by centrifugation when the OD 600 nm reached 0.6, and re-suspended in 50 ml of liquid Murashige and Skoog (MS) medium. Leaves were cut into 2 cm×2 cm discs and pre-cultured for 3 d on 1/2 MS-NH 4 + (MS medium without NH 4 NO 3 , 7 g l −1 agar) medium. Next, the discs were submerged and shaken in a bacterial suspension for 30 min and co-cultured on 1/2 MS-NH 4 + medium for 3 d. The leaf discs were moved onto 1/2 MS-NH 4 + selection medium supplemented with 50 mg l -1 kanamycin and reduced cefotaxim: from 500 mg l -1 to zero in five selection cycles (10 d each). The rapidly growing kanamycin-resistant and agrobacterium-free hairy roots were transferred to 50 ml of liquid 6, 7-V medium and maintained by transferring 0.3 g of root material into fresh 6, 7-V medium every 30 d (Supplementary Fig. S2 ). Red fluorescent protein (RFP) expression was observed under a fluorescence microscope (LEICA DM5000 B, Wetzlar, Germany) to identify positive lines of hairy roots.
Verification of positive hairy roots lines by PCR
Genomic DNA was isolated from fresh hairy roots by using the cetyltrimethylammonium bromide (CTAB) method (Sambrook and Russell, 2001 ). To confirm the stable integration of T-DNA into the genome of the hairy roots by agrobacterium, the following were PCR amplified with their corresponding gene-specific primers (in parentheses): 423 bp of the rolB gene (rolB-F, rolB-R); 626 bp of the rolC gene (rolC-F, rolC-R); 497 bp of the neomycin phosphotransferase Table S2 ).
II (NPT II) gene (NPT II-F, NPT II-R); 644 bp of the Cauliflower mosaic virus (CaMV) 35S promoter and SmJAZ8 sequence in the pK7WG2R-SmJAZ8 plasmid (35S-JAZ8-OE-F, 35S-JAZ8-OE-R); and 545 bp of the CaMV 35S promoter and SmJAZ8 sequence in
pK7GWIWG2R-SmJAZ8 (35S-JAZ8-RNAi-F, 35S-JAZ8-RNAi-R) (Supplementary
Construction of RNA sequencing (RNA-seq) libraries
MeJA (Yuanye, China) dissolved in 100% ethanol was applied to the transgenic hairy root culture at a 100 μM final concentration on day 21 post-inoculation. At 1 h after treatment, hairy roots were collected from three biological replicates, prior to total RNA extraction using the RNAprep pure Plant Kit (TIANGEN) according to the user manual. The quality of the total RNA was assessed using a NanoDrop spectrophotometer and an Agilent 2100 Bioanalyzer. For each sample, 3 μg of total RNA was used to construct Illumina sequencing libraries according to the manufacturer's instructions. The libraries were sequenced using the Illumina PE150 platform.
Analysis of RNA-seq data
Reference genome and gene model annotation files were downloaded from genome websites directly (Xu et al., 2016) . The reference genome index was built in Bowtie v2.2.3 (Langmead and Salzberg, 2012) , and paired-end clean reads were aligned to the reference genome in TopHat v2.0.12 (Trapnell et al., 2009) . Differential expression analysis of two groups was performed in the DESeq R package v1.18.0 . DESeq provides statistical routines for determining differential expression in digital gene expression data, by using a model based on the negative binomial distribution. To control the false discovery rate (FDR), the resulting P-values were adjusted by the Benjamini-Hochberg procedure. Genes with an adjusted P-value <0.05 and |log 2 fold-change| ≥2, as found by DESeq, were deemed differentially expressed. Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the GOseq R package (Young et al., 2010) , in which gene length bias was corrected. GO terms with corrected P-values <0.05 were considered significantly enriched in the differentially expressed genes.
Results
Metabolism of salvianolic acids and tanshinones under MeJA treatment
We examined the expression profiles of related genes which have been reported to be functionally involved in the biosynthesis of salvianolic acids and tanshinones in Danshen hairy roots with MeJA treatment by qRT-PCR. The results showed that the expression levels of genes involved in the biosynthetic pathway to salvianolic acids-PAL1, C4H1, 4CL1, TAT1, HPPR1, RAS1, and CYP98A14-were increased significantly and peaked 3-6 h after MeJA was applied, then quickly decreased, returning to levels slightly higher than the control at 72 h, thus representing a rapid yet transient response to MeJA (Fig. 1) . In contrast, MVA pathway genes-AACT1, HMGS1, HMGR2, MK, PMK, and MDC1-were rapidly up-regulated by MeJA; they peaked at 1 h post-treatment but then decreased dramatically, to levels slightly higher than the control at 72 h. However, the genes in the MEP pathway-DXS2, DXR, MCT, CMK, MDS, HDS, HDR1, and IPPI1-showed more gradual yet significantly increased expression levels, most of which were still increasing at 72 h post-treatment; this indicated that the MVA pathway responded sooner to MeJA induction than did the MEP pathway. Expression of the downstream genes of tanshinone biosynthesis-GGPPS1, CPS1, KSL1, and CYP76AH1-was also increased by MeJA induction, though to varying degrees. Additionally, the gene expression levels of the control remained mostly unchanged (Fig. 1) .
Considering the accumulation of salvianolic acids and tanshinones in Danshen hairy roots, the Sal B, DT-I, CT, TSA, and TTA contents increased significantly after the MeJA treatment, reaching 1.9-, 1.5-, 1.7-, 1.6-, and 1.3-fold, respectively, of the control content. However, RA, TA-I, and TA-IIA were mostly unaffected by MeJA ( Fig. 1; Supplementary Fig. S3 ). These findings are consistent with MeJA's role as an effective abiotic elicitor promoting accumulation of salvianolic acids and tanshinones in Danshen hairy roots, and point to possible co-regulation between these two pathways. (Xiao et al., 2009; Yang et al., 2012a; Zhang et al., 2011) .
Genome-wide identification of JAZ genes in Danshen
Based on the extracted HMM profiles, HMMER screened the protein sequence data from the Danshen genome database to identify putative JAZ proteins. We identified nine JAZ proteins from Danshen, named SmJAZ1, -2, -3, -4, -5, -6, -8, -9, and -10, according to the established nomenclature of JAZs in A. thaliana. Phylogenetic analysis revealed that the SmJAZs and JAZ proteins from A. thaliana consist of four subgroups ( Fig. 2A) .
To facilitate the functional study of SmJAZ genes, their coding regions were amplified by using root-derived cDNAs from Danshen. The putative amino acid sequences of SmJAZs contained the conserved ZIM and Jas domains for the JAZ protein ( Fig. 2B) (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . However, the Jas domain of SmJAZ8 lacked a short conserved LPIARR motif-required for JA-Ile-dependent binding Fig. 1 . The proposed biosynthetic pathway of salvianolic acids and tanshinones in Danshen. Graphs within the pathway panels indicate the expression levels of the related pathway genes or the accumulation of Sal B and tanshinones in Danshen hairy roots treated with 100 μM MeJA (symbols and error bars represent means ±SD from three independent biological replicates). Plain arrows represent a one-step enzymatic reaction; dashed arrows indicate unclear or multiple steps. Student's t-test was performed to identify significant differences. One asterisk (*) indicates a significant difference (0.01<P<0.05) and two asterisks (**) indicate a very significant difference (P<0.01) between the control and MeJA-induced hairy roots. to COI1-but had an L×L×L-type ERF-associated amphiphilic repression (EAR) motif at the N-terminus that mediates transcriptional repression of JA responses (Shyu et al., 2012) .
Expression levels of all SmJAZ genes were up-regulated by the MeJA treatment, though their duration and magnitude differed (Fig. 2C) . SmJAZ1/2/5/8/10 levels were rapidly up-regulated by MeJA, peaking at 0.5 h or 1 h but sharply decreased until 6 h post-treatment, whereas SmJAZ3/4/6/9 levels were up-regulated gradually, reaching their maximum much later, at ~24 h. Since SmJAZ8 had the greatest expression level detected (350-fold higher than control) at 1 h postMeJA induction, and also lacked the COI1-binding motif, we deduced that SmJAZ8 may play a dominant role in repressing biosynthesis of salvianolic acids and tanshinones in Danshen.
Tissue-specific expression, subcellular localization, and protein-protein interaction of SmJAZ8
The qRT-PCR analysis revealed that the expression levels of SmJAZ8 were relatively low and equally distributed in the root, leaf, and flower organs, but remarkably high in the stem (Fig. 3A) . To localize SmJAZ8, the ORF of SmJAZ8 was fused to the 5′-terminus of the GFP reporter gene under the control of the CaMV 35S promoter. The recombinant constructs of the SmJAZ8-GFP fusion protein and GFP alone were introduced into onion epidermal cells by particle bombardment. As Fig. 3B shows, GFP fluorescence of SmJAZ8 was intense in the nucleus and dispersed in the cytoplasm, indicating that SmJAZ8 may act as a regulator in the transcriptional regulation system. Furthermore, MYC2 TF may influence JAZ protein localization (Withers et al., 2012) , which would disperse the fluorescence of SmJAZ8 in the cytoplasm.
MYC2 is an important basic helix-loop-helix (bHLH) TF, one that mediates activation of the JA response and interacts with all JAZ proteins in A. thaliana and Solanum lycopersicum Du et al., 2017) . SmJAZ9 reportedly interacts with AtMYC2 (Shi et al., 2016b) , and with two bHLH TFs of Danshen, SmMYC2a and SmMYC2b, that have high sequence similarity to AtMYC2 ( Supplementary Fig. S4 ), are able to Fig. 3 . Tissue-specific expression, subcellular localization, and protein-protein interaction of SmJAZ8. (A) Tissue-specific expression of SmJAZ8; the expression levels were normalized to values from roots. Bars are means ±SD from three independent biological replicates; one-way ANOVA (followed by a Student-Newman-Keuls comparison) tested for significant differences among the means (indicated by different letters at P<0.05). (B) Subcellular localization of SmJAZ8. Upper images represent the GFP control while lower images represent the SmJAZ8-GFP fusion protein. (C) Y2H assay to detect interactions of SmJAZ8 with SmMYC2a, SmMYC2b, and SmPAP1. Transformed yeast was grown on non-selective medium lacking leucine and tryptophan (SD-LW) or selective medium lacking adenine, histidine, leucine, and tryptophan (SD-LWHA) with α-gal to test for protein interactions. The empty pGBKT7 vector was co-transformed with the empty pGADT7 vector as the negative control.
regulate positively the biosynthesis of tanshinones and salvianolic acids while also interacting with SmJAZ1 and SmJAZ2 . Moreover, the biosynthesis of salvianolic acids is mediated by Production of Anthocyanin Pigment 1 (PAP1) (Hao et al., 2016; Zhang et al., 2010) , an R2R3-MYB TF which also reportedly interacts with JAZ proteins to repress JA-regulated anthocyanin accumulation in A. thaliana . The Y2H assays performed here showed that SmJAZ8 interacts with SmMYC2a rather than with SmMYC2b or SmPAP1 (Fig. 3C) . These results suggested that SmJAZ8 regulated the JA signaling pathway by directly repressing SmMYC2a.
SmJAZ8 is involved in the biosynthesis of salvianolic acids and tanshinones
To determine whether SmJAZ8 exerts a dominant repression of biosynthesis of salvianolic acids and tanshinones in Danshen, plasmids containing the SmJAZ8 full-length ORF, SmJAZ8 RNAi, and empty vector (under the control of the CaMV 35S promoter) were used to generate the respective transgenic hairy root lines. The positive transgenic hairy roots were identified using a fluorescence microscope (by checking for RFP; Supplementary Fig. S5A ) and by genespecific primers to amplify the CaMV 35S promoter and partial SmJAZ8 gene (by PCR; Supplementary Fig. S5B ). In total, 20 SmJAZ8-overexpressing (J8O), 19 SmJAZ8 RNAi (J8R), and 20 empty vector control (EV) hairy root lines were generated; hairy roots developed using A. rhizogenes ATCC15834 without the plasmid were the control (ATCC). The qRT-PCR analysis showed that SmJAZ8 transcripts in the J8O lines had an accumulation >100-to 300-fold that of the control, whereas the transcripts were reduced by 10-95% in the J8R lines (Fig. 4A) . Three efficiently overexpressed and silenced lines were selected for functional analysis (respectively named J8O1, J8O2, J8O17 and J8R3, J8R8, J8R11).
The HPLC analysis showed that the contents of salvianolic acids and tanshinones in ATCC were similar to those in the EV lines. However, under the MeJA treatment, the contents of RA slightly increased in the J8O lines while those of Sal B and TSA decreased (Fig. 4B) . The levels of tanshinones in MeJA-induced J8O hairy roots showed an accumulation pattern similar to that for levels of Sal B and TSA, which had reduced accumulations under the MeJA treatment. In the J8R lines, MeJA significantly increased the accumulation of salvianolic acids (RA, Sal B, and TSA) and tanshinones (DT-I, CT, TA-I, TA-IIA, and TTA) (Fig. 4C) . Interestingly, the TA-I levels were mostly unaffected by the MeJA treatment but they were significantly promoted in the MeJA-induced J8R hairy roots. In summary, these results showed that transgenic hairy roots overexpressing SmJAZ8 or suppressing its expression exhibited a JA-insensitive or -hypersensitive phenotype in terms of their accumulation of salvianolic acids and tanshinones, pointing to SmJAZ8 operating as a negative regulator in the JA-induced biosynthesis of salvianolic acids and tanshinones in Danshen. Furthermore, the constitutive levels of salvianolic acids and tanshinones were also affected in the SmJAZ8 transgenic line but seemed to show no regular pattern ( Supplementary Fig. S6 ), indicating that a JA-independent pathway exists.
Genetic transformation with SmJAZ8 alters the expression of TFs and genes involved in the biosynthetic pathways to salvianolic acids and tanshinones
We used qRT-PCR to detect the transcription levels of SmMYC2a and genes involved in the biosynthesis of salvianolic acids and tanshinones in the MeJA-induced J8O and J8R hairy roots. Expression levels of SmMYC2a were similar in the ATCC and EV lines, but significantly reduced in the J8O lines (Fig. 5A) and increased in the J8R lines (Fig. 5B) by MeJA. This suggested that SmJAZ8 negatively controlled the biosynthesis of salvianolic acids and tanshinones in Danshen by repressing SmMYC2a.
Previous research has shown that SmMYC2a may target two genes of the biosynthetic pathway to salvianolic acids, SmCYP98A14 and SmRAS6 . In our study, we detected the expression of these two genes in the J8O and J8R lines, respectively. The results showed that the expression levels of SmCYP98A14 and SmRAS6 were reduced in both J8O2 and J8O17 when treated with MeJA at the 1 h time point (Fig. 5C) , indicating a repression function of SmJAZ8 in regulating the MeJA-induced accumulation of salvianolic acids. In the J8R lines, the expression levels of these two genes were down-regulated by MeJA when compared with ATCC and EV lines, which was inconsistent with the increased accumulation pattern of salvianolic acids ( Figs 5D, 4C ). This result indicated that when SmJAZ8 was silenced, there was another regulatory pathway involved in the biosynthesis.
The expression levels of several terpenoid genes associated with the MVA and the MEP pathways were assayed in the J8O and J8R lines, respectively. As Fig. 5E and F show, the MVA pathway genes SmHMGS1 and SmMK of the J8O lines were down-regulated in the MeJA-induced hairy roots, as were both genes in the J8R lines. However, the MEP pathway genes, SmDXS2 and SmCMK, along with the downstream genes for tanshinone biosynthesis, SmCPS1 and SmCYP76AH1, were all up-regulated in both J8O and J8R lines by the MeJA treatment. Collectively, these results indicated that SmJAZ8 could regulate the biosynthesis of tanshinones, albeit differently between the J8O and J8R lines. Overexpressing SmJAZ8 caused a reduction in tanshinone accumulation that may have arisen from declining expression levels of the MVA pathway genes, whereas the increased tanshinone accumulation by silencing SmJAZ8 may reflect upregulation of the MEP pathway and downstream genes. Both results and explanations are consistent with the view that elicitor-induced tanshinone accumulation is mainly derived from the MEP pathway (Ge and Wu, 2005; Xu et al., 2010; Zhao et al., 2010; Gao et al., 2014; Zhao et al., 2015) .
Genetic transformation with SmJAZ8 alters the expression of other JAZ genes
In A. thaliana, the promoter regions of many JAZ genes contain the G-box, a known target of MYC2 (Chini et al., 2007) , which suggests a possible mechanism for crosstalk and coregulation of JAZ genes in JA signaling. Silencing JAZh in Nicotiana attenuata decreased nicotine, perhaps via increased expression levels of JAZf in the transgenic plants, which provides evidence for potential crosstalk in JAZ-regulated secondary metabolism (Oh et al., 2012) .
To determine whether overexpressing or silencing SmJAZ8 affected the other JAZ genes, expression levels of all eight SmJAZ genes were examined in 1 h MeJA-induced hairy roots of the J8O and J8R lines (by qRT-PCR). Generally, the SmJAZ genes were similarly expressed in the ATCC and EV lines; however, expression of SmJAZ3 was unaltered while that of SmJAZ1/5/10 was reduced in the MeJA-induced J8O lines (Fig. 6A) , whereas the expression of the eight SmJAZ genes increased significantly in the J8R lines (Fig. 6B) . These results support the existence of a coregulatory network among individual JAZ repressors in JA signaling.
Transcriptome profiling of SmJAZ8-regulated genes during JA signaling
To identify more genes regulated by SmJAZ8 during JA signaling, we next performed RNA-seq experiments and compared the transcriptome profiles of J8O1, J8R3, and ATCC hairy roots treated with MeJA. We identified 983 genes differentially expressed between the MeJA-treated and untreated ATCC hairy roots (FDR adjusted P-value <0.05, |log 2 fold-change| ≥2, likewise hereafter) (Fig. 7A) ; these genes were designated as JA-regulated genes. We identified 287 genes showing significant expression differences between the MeJA-treated J8O1 lines and ATCC hairy roots, and 280 genes showing significant expression differences between the MeJA-treated J8R3 lines and ATCC hairy roots (Fig. 7A) . Being primarily interested in identifying SmJAZ8-regulated genes during JA signaling, we designated 549 genes showing significant expression differences between MeJA-treated J8O1 versus ATCC hairy roots, and MeJA-treated J8R3 versus ATCC hairy roots, as SmJAZ8-regulated genes. Analyzing these revealed that 18% (178 of 983) of the JA-regulated genes were regulated by SmJAZ8; this indicated that SmJAZ8 was not the sole JAZ gene regulating the transcription of JA-regulated genes. However, only 18 JA-regulated genes showed significant expression differences between the MeJA-treated J8O1 and J8R3 lines, suggesting that overexpressing or silencing of SmJAZ8 triggered a different mechanism in regulating JA signaling.
GO analysis indicated that the 89 genes co-regulated by JA and SmJAZ8 of J8O1 lines were mostly enriched in pathways Relative expression levels of genes involved in tanshinone biosynthesis in the J8O (E) and J8R (F) lines after elicitation with 100 μM MeJA for 1 h. The expression of genes in the MeJA-induced ATCC lines was set to 1. Bars are means ±SD from three independent biological replicates. One-way ANOVA (followed by a Student-Newman-Keuls comparison) tested for significant differences among the means (indicated by different letters at P<0.05).
related to primary metabolic process ( Fig. 7A; Supplementary  Fig. S7A ). Nonetheless, another 107 genes co-regulated by JA and SmJAZ8 of J8R3 lines were enriched in pathways related to response to stimulus, regulation of transcription, response to oxidative stress, and other processes ( Fig. 7A ; Supplementary Fig. S7B ).
Many well-characterized genes were identified as being SmJAZ8-regulated genes through our RNA-seq experiments. This list includes several primary metabolism genes, such as glucose-6-phosphate/phosphate translocator (GPT), 3-ketoacyl-CoA synthase 6 (KCS6), glycerophosphodiester phosphodiesterase (GDPD), sedoheptulose-1, 7-bisphosphatase (SBPase); several secondary metabolism genes, such as tyrosine aminotransferase (TAT), cytochrome P450 (711A1, 71D10, and 81E8), sesquiterpene synthase (STPS), lycopene epsilon cyclase (lcyE); as well as several TFs, including APETALA2/ethylene-responsive factor (AP2/ERF), bHLH, NAM/ATAF1/2/CUC2 (NAC), and basic region-leucine zipper (bZIP). As Fig. 7B shows, most MeJA-mediated up-or down-regulation of primary metabolism genes was promoted in the SmJAZ8-overexpressing hairy roots. However, in the MeJA-induced J8R3 hairy roots, genes related to primary metabolism were repressed by SmJAZ8, whereas those related to secondary metabolism were promoted (Fig. 7C) . The expression of SmJAZ genes in ATCC hairy roots was set to 1. Bars are means ±SD from three independent biological replicates. One-way ANOVA (followed by a Student-Newman-Keuls comparison) tested for significant differences among the means (indicated by different letters at P<0.05).
In our validation of the different expression patterns of these genes, the expression level of bHLH (SMil_00020000) was suppressed in the J8O1 lines, whereas TAT, STPS, GDPD, and CYP71D10 levels were increased when compared with the ATCC hairy root lines under MeJA treatment, in agreement with the RNA-seq data. In the MeJA-induced J8R3 lines, the expression levels of GPT and bHLH (SMil_00010404 and SMil_00020000) were down-regulated, whereas those of TAT, AP2/ERF (SMil_00009117), and NAC were up-regulated compared with ATCC under the MeJA treatment ( Supplementary Fig. S8 ). These results convinced us that SmJAZ8 modulated the JA-mediated biosynthesis of salvianolic acids and tanshinones by regulating primary and secondary metabolism more broadly, as well as by mediating the transcription processes for the biosynthesis of these compounds specifically, consistent with the previously reported conclusion that MeJA alters the levels of both primary and secondary metabolites in Danshen (Ge et al., 2015) .
Discussion
JA signaling is involved in the biosynthesis of salvianolic acids and tanshinones
Elicitor induction is considered an effective way to improve the yields of secondary metabolites, which function in the communication of plants with their environment, by inducing defense responses and participating in either extracellular or intracellular signal transduction (Zhao et al., 2005; Goel et al., 2011) . Our results confirmed that MeJA had a positive role in Sal B, DT-I, and CT accumulation (2.1-, 1.5-, and 1.6-fold that of the control, respectively) but it had little effect on RA, TA-I, and TA-IIA in the Danshen hairy roots (Fig. 1) , which is partly consistent with the earlier findings. Previous studies have shown that the accumulation of CT and TA-IIA can be increased by treatment with MeJA to ~5.8-fold that of the control in Danshen hairy roots (Kai et al., 2012) , reaching values of 8.9-and 4.5-fold, respectively, at day 6 post-MeJA treatment (Wang et al., 2007) . Yang et al. (2012a) reported that the yields of DT-I, CT, TA-I, and TA-IIA following MeJA treatment increased to 1.7-, 2.8-, 2.6-, and 2.1-fold, respectively, that of the control. Zhang et al. (2011) showed that the accumulation of RA, Sal B, DT-I, and CT in MeJAinduced Danshen hairy roots reached maximum levels of 1.4-, 2.0-, 30.1-, and 16.4-fold those of the control, and Xiao et al. (2009) reported that the Sal B content induced by MeJA reached 6.6-fold that of the control.
Expression of genes of the phenylpropanoid and tyrosine pathways which are essential for the formation of salvianolic acids, and of genes involved in the tanshinone biosynthetic pathway, those of the MVA and MEP pathway, was increased significantly after MeJA treatment. However, the genes of the MVA pathway responded rapidly to MeJA, whereas the MEP pathway genes showed a more gradual rise towards induction (Fig. 1) . Despite the differing extent of the MeJA-induced up-regulation of the accumulation of salvianolic acids and tanshinones in Danshen hairy roots-perhaps due to the different culture conditions or induced concentrations of MeJA-it is clear that the JA signaling pathway operates in the biosynthesis of both classes of compounds.
SmJAZ8 regulates the MeJA-induced promotion of the accumulation of salvianolic acids and tanshinones by engineering the expression of the genes of both biosynthetic pathways
Most transgenic plants with overexpressed or knockdown JAZ genes do not exhibit an obvious JA-related phenotype (Thines et al., 2007) . Overexpressing SmJAZ8 could partially reduce the MeJA-induced metabolite increment in Danshen plants, and none of the salvianolic acid biosynthetic pathway genes was reportedly induced in transgenic plants after MeJA treatment (Ge et al., 2015) . Yet 6-month-old Danshen plants do not accumulate tanshinones, and thus the relationship between phenylpropanoid and terpenoid metabolism remains unclear.
In this study, SmJAZ8 expression increased dramatically after just 1 h under the MeJA treatment. Transgenic hairy roots overexpressing (or silencing) SmJAZ8 partially reduced (or increased) the MeJA-induced accumulation of salvianolic acids and four tanshinones, respectively. Hence, we propose that this gene is a transcriptional repressor in the JA signaling pathway of Danshen, since SmJAZ8's structure lacks the LPIARR motif ( Fig 2B) and thus is resistant to COI1-dependent degradation, similar to how AtJAZ8 participates in negative feedback control of JA signaling (Shyu et al., 2012) .
The salvianolic acid biosynthetic pathway genes, SmRAS6 and SmCYP98A14, as well as the MVA pathway genes, SmHMGS1 and SmMK, in the J8O lines declined (compared with ATCC and EV lines, Fig. 5 ), consistent with the JAZ proteins acting as repressors in JA-mediated secondary metabolite biosynthesis (Shoji et al., 2008; Oh et al., 2012; Ge et al., 2015; Shi et al., 2016b) . However, the SmRAS6 and SmCYP98A14 expression levels in the MeJA-induced J8R lines were unexpected; their decrease coupled with the increase in RA and Sal B contents indicates that other phenolics also decreased, since TPS was unaltered in the MeJAinduced J8R hairy roots (Supplementary Fig. S9 ). Moreover, the MEP pathway genes of MeJA-induced J8R lines were upregulated, and this was followed by an increment in tanshinone accumulation. Apparently, overexpressing or silencing SmJAZ8 affected the basal levels of salvianolic acids and tanshinones in transgenic hairy roots ( Supplementary Fig. S6 ), suggesting that a JA-independent pathway is involved in the biosynthesis of salvianolic acids and tanshinones.
Accumulation of salvianolic acids and tanshinones is regulated by SmJAZ8 at the transcriptional level, suggesting that as yet uncharacterized TFs regulated by SmJAZ8 have an important role in the biosynthesis of these two active compounds. SmMYC2a and SmMYC2b were initially reported as JAZ-interacting TFs in the biosynthesis of Sal B and tanshinones mediated by the JA signaling pathway in Danshen, and could interact with SmJAZ1 and SmJAZ2 . It was reported that AtPAP1 positively regulated salvianolic acid accumulation when ectopically expressed in Danshen . Hence, TFs may contribute to SmJAZ8-mediated regulation of Sal B and tanshinone biosynthesis in Danshen. Our Y2H assays showed that SmJAZ8 interacted with SmMYC2a, but not with SmMYC2b and SmPAP1 (the homolog of AtPAP1), while SmMYC2a expression was down-regulated in the J8O lines yet up-regulated in the J8R lines; hence, SmJAZ8 may directly interact with SmMYC2a to suppress its activity. However, bHLH-and MYB-type TFs are probably not the only SmJAZ8 targets in Danshen. Other JAZ targets, such as other TFs and co-repressors, occur in A. thaliana . Identifying new TFs regulated by SmJAZ8 may provide further insight into the molecular mechanism of SmJAZ8-mediated regulation of secondary metabolite biosynthesis in Danshen.
Global transcriptional change associated with JA and SmJAZ8 indicates a primary-secondary metabolism balance in Danshen
Given the promotion of both salvianolic acid and tanshinone accumulation by exogenously applying MeJA, a plausible mechanistic explanation is that JA signaling changes the carbon flux, which provides additional ATP, reducing power, and carbon from primary metabolism to drive the biosynthesis of secondary metabolic pathways dependent on these precursors (Morandini, 2013; Yang et al., 2015) . Our RNAseq data showed that genes simultaneously mediated by JA and SmJAZ8 were mostly enriched in pathways related to primary metabolic process, response to stimulus, and regulation of transcription ( Fig. 7; Supplementary Fig. S7) . Genes related to primary metabolism function in the synthesis of glucose-6-phosphate, fatty acids, glycerol-3-phosphate, and sedoheptulose during the glycolytic pathway and the Calvin cycle (Todd et al., 1999; Miyagawa et al., 2001; Niewiadomski et al., 2005; Cheng et al., 2011) , plus those genes involved in the synthesis of phenylpropanoid (TAT) and terpenoid (STPS, lcyE, and CYP711A1, 71D10, 81E8) secondary metabolites (Harjes et al., 2008; Dixon et al., 2010; Hong et al., 2012; Mizutani, 2012) . Moreover, several SmJAZ8-regulated genes were identified as encoding TFs-AP2/ERF, NAC, bZIP, and bHLH-which variously mediated the JA-responsive biosynthesis of nicotine, artemisinin, glucosinolates, monoterpenoid indole alkaloids, isoquinoline alkaloids, and anthocyanins (Chatel et al., 2003; De Boer et al., 2011; Qi et al., 2011; Yamada et al., 2011; Oh et al., 2012; Yu et al., 2012; Schweizer et al., 2013; Lu et al., 2016) . Primary metabolism genes promoted in SmJAZ8-overexpressing hairy roots were repressed in SmJAZ8-RNAi, coupled to up-regulated expression of secondary metabolism genes; this suggests a JA-responsive primary-secondary metabolism balance as regulated by SmJAZ8. Supporting this hypothesis is JA's key role in many stress responses controlling resource acquisition and allocation (Herms and Mattson, 1992; Bethany et al., 2014; Havko et al., 2016; Karasov et al., 2017; Züst and Agrawal, 2017) , and JAZ proteins governing primarysecondary metabolism balance by repressing TFs which positively regulate defense genes or inhibit growth-related genes (Campos et al., 2016; Major et al., 2017) . Advanced highthroughput techniques (proteome-, metabolome-, and ChIPsequencing) should illuminate this complex mechanism.
Model for SmJAZ8-regulated biosynthesis
We confirmed that SmJAZ8 controls the JA-induced accumulation of salvianolic acids and tanshinones in Danshen hairy roots by engineering the biosynthetic pathway genes and acting as a negative feedback controller in JA signaling (Fig. 8) . The allene oxide cyclase (AOC) gene catalyzes an enzyme involved in the formation of 12-oxo-phytodienoic acid, considered the most crucial step in JA biosynthesis (Ziegler et al., 2000) . SmAOC gene expression was up-regulated by MeJA ( Supplementary Fig. S10 ), and overexpressing SmAOC enhances salvianolic acid and tanshinone production in Danshen hairy roots (Gu et al., 2012) , suggesting a positive feedback loop operating whereby JA activates its own synthesis (Wasternack and Hause, 2013) . Moreover, SmAOC expression was down-regulated in the J8O lines yet up-regulated in the J8R lines of hairy roots ( Supplementary  Fig. S11 ), suggesting that SmJAZ8 attenuated JA signaling by repressing SmAOC genes.
Based on our results, we can propose a mechanistic model as described in Fig. 8 . Under normal conditions, SmJAZ proteins interact with TFs (e.g. SmMYC2a), attenuate their transcriptional activity, and subsequently repress the expression of downstream biosynthetic pathway genes. Exogenously supplying MeJA elicitor produces endogenous JA-Ile, which activates the COI1-dependent pathway to recruit JAZ proteins for degradation . TFs are released to initiate the expression of pathway genes including SmJAZ8, and promote the accumulation of salvianolic acids and tanshinones. However, the lack of the conserved motif in the Jas domain leads to the resistance of JA-dependent degradation of SmJAZ8 (Shyu et al., 2012) , and then attenuates the JA response in Danshen. Our RNAseq data revealed that JA signaling alters the carbon flux from primary metabolism to drive the SmJAZ8-regulated biosynthesis of secondary metabolites. We also found crosstalk among individual JAZ proteins. In addition, SmJAZ8 also regulates constitutive levels of salvianolic acid and tanshinone accumulation through an unknown JA-independent pathway. More work is needed to understand fully how JAZ protein family members regulate secondary metabolite biosynthesis, and to identify the specific TFs interacting with JAZ repressors to better link JAZ proteins and downstream physiological responses in Danshen.
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